Astrocytic swelling occurs readily in ischemia and traumatic brain injury (TBI) as part of the cytotoxic or cellular edema response. Ischemia is known to pro duce large extracellular increases in both [K + 1 and excit atory amino acids (EAA) in vivo, and astrocytic swelling in vitro leads to marked release of EAA. In this study we compared the effect of swelling due to hypotonic media and high K + medium on the uptake and release of EAA by rat primary astrocyte cultures in vitro. In both cases, there was a significant inhibition of uptake of [3HlL glutamate and [3Hln-aspartate, and increased release of preloaded eHln-aspartate. The kinetics of the increased efflux was very different in response to hypotonic or high K + media. In hypotonic medium there was a rapid initial release followed by a decline in the rate of release over time. This release was independent of whether Na + was present. Upon exposure to high K + medium there was a
Marked astrocyte swelling is a prominent occur rence during and after ischemia (Ames et aI. , 1968; Garcia et aI. , 1977; Kalimo et aI. , 1977; Jenkins et aI., 1979 Jenkins et aI., , 1982 Garcia 1984; Kimelberg and Ran som, 1986; Kraig and Petito, 1989; Hatashita and Hoff, 1990; Chen et aI. , 1992; Siesjo, 1992) . In order to study the consequences and mechanisms of such swelling we have used primary astrocyte cultures swollen by hypotonic or high K + solutions as model systems (Walz 1987; O'Connor et ai. , 1992) . We and others have observed that exposure to such solu tions will release endogenous or preloaded radiola beled taurine, glutamate, or aspartate, and this ef-slow progressive increase in release of [3Hln-aspartate, which never showed any subsequent decline until the me dia was returned to normal [K + l. In high K + media there was also an initial transient increase in eHln-aspartate release, which we attribute to reversal of the amino acid uptake system. The increased release due to hypotonic medium was not affected by a drop in temperature from 37 to 26°C, while the increased release due to high K + medium was completely inhibited. The decreased uptake and increased release of EAA when astrocytes swell will short-circuit a presumed important, protective uptake system for EAA and may contribute to the increased lev els of extracellular EAA seen during ischemia, TBI, and other pathologic states. Key Words: Astrocytic swelling Hypotonic medium-High K + medium-Glutamate up take inhibition-Aspartate uptake inhibition-Release. feet has been attributed to swelling (Philibert et aI. , 1988; Kimelberg et aI. , 1990; Pasantes-Morales and Schousboe, 1989; Martin et aI., 1990; Kimelberg and Goderie, 1991; Sanchez-Olea et aI., 1991) . Uptake of glutamate and aspartate by astrocytes is predom inantly Na + -dependent and can concentrate gluta mate or aspartate more than 1000-fold over their concentrations in the medium (Martin, 1992) . In as trocytic Muller cells from amphibian retina, gluta mate uptake has been shown to be electrogenic, being coupled with influx of N a + and efflux of K + and alkalinizing equivalents (Brew and Attwell, 1987; Bouvier et ai. , 1992) correlating with influx of glutamate (Barbour et ai., 1993) . Szatkowski et ai. (1990) proposed that reversal of the glutamate up take system in glia under conditions of high extra cellular K + could contribute to the release of glu tamate or aspartate in ischemia, and high extracel lular K + levels of up to 80 mM have been observed during anoxia, ischemia, or head injury (Hansen, 1985; Katayama et aI., 1992; Sykova et aI., 1994) .
In this study we address the question of whether high K + -induced release of amino acids in primary astrocyte cultures represents reversal of the uptake system, as well as a swelling-induced mechanism. U sing a perfusion system we found that high K + medium-induced release has an initial component that appears to be a reversal of the uptake system, and a slower component that seems to represent swelling-induced release. We have also examined to what degree depolarization of the membrane poten tial or swelling of the cells due to exposure to high K + medium levels leads to inhibition of glutamate or aspartate uptake. Cell swelling seems to cause a direct inhibition of glutamate and aspartate uptake, in addition to inhibition due to membrane potential depolarization. acid were obtained from Amersham Corporation (Arlington Heights, IL, U.S.A.). All cell culture materials were from GIBCO (Grand Island, NY, U.S.A.) and other chemicals were from Sigma (St. Louis, MO, U.S.A.). L-644,711 or R( + )-[5,6-dichloro-2,3,9,9a-tetrahydro-3-oxo-9-propyl-1H-fluoren-7-yl)oxylacetic acid, an inhibitor of amino acid release (Kimelberg et aI., 1990) and anion channels (Ialonen, 1993) in astrocytes, was obtained from Merck, Sharp and Dohme (Rahway, NI, U.S.A.).
METHODS

L
Uptake methods
Uptake was measured as previously described (Kimel berg et aI., 1990) . Briefly the growth medium was first pipetted off and the cells washed four times with HEPES buffered medium consisting of the following components (in mM): NaCI, 122; KCI, 3.3; CaCI2, 1.3; MgS04, 0.4; KHzP04, 1.2; HEPES, 25; glucose, 10. The buffer was brought to pH 7.4 with NaOH. The cells were then incu bated in this buffer at 37°C for 20-30 min. The buffer was then rapidly removed and 0.5 ml of the same medium or medium with the altered compositions, warmed to 37°C and containing L-3,4-[3H]-glutamic or D-[2,3-3Hl aspartic acid (approximately 0.2 !-lCi each) plus unlabeled L-glu tamic or D-aspartic acid to obtain final concentrations of 100 !-lM, were added to each well. The cells were then rapidly returned to the incubator. In order for all solu tions to have the same Na + concentrations, NaCI in the control solutions was replaced with N-methyl-D-glucamine (NMDG). Thus the Na + concentrations of the control solution equalled 37 mM Na + in either the 100 mM KCI or the hypotonic (minus 100 mM NaCl) solutions. This degree of reduction in [Na + ] did not significantly affect eH]L-glutamate or [3H]D-aspartate uptake. For the K + x Cl-product constant solutions, CI-was replaced with gluconate so that this product was the same as when [K + ] was 4.2 mM and Cl-was 130 mM.
Cell culture and efflux methods
Primary astrocyte cultures were prepared from the ce rebral cortices of I-day-old Sprague-Dawley rat pups as J Cereb Blood Flow Metab, Vol. 15, No.3, 1995 previously described (Kimelberg et aI., 1990) and used after 3-4 weeks in culture. For efflux studies, these as trocyte cultures were grown on cell support film (Bellco, Vineland, NI, U.S.A.) and preloaded with [3H]D-aspar tate in MEM + 10% horse serum medium overnight as previously described (Kimelberg et aI., 1993) . D-aspartate was used because it is not metabolized. In some cases, the cells were also loaded with 40 !-lCi Na51Cr04 (final [Cr] = 10 -7 M) to monitor cell loss or lysis (Kimelberg et aI., 1993) . After loading, the cell support film was inserted into a cut off 1 ml tuberculin syringe and perfused with a HEPES-buffered balanced salt solution at 1 mllmin (Kimelberg et aI., 1993) . The experiments were con ducted at 37°C by placing the entire apparatus in an in cubator. The fractions were collected and the percentage of fractional release expressed as a percentage of the counts remaining in the cells at the beginning of each I-min collection period. The cultures used were �95% astrocytic as determined by glial fibrillary acid protein (GF AP) staining.
Statistical analysis
Data were analyzed by two-way analysis of variance. The two fixed effects were (a) the buffer type (NMDG, hypo-osmotic, iso-osmotic high K + or iso-osmotic K + x CI-product constant) and (b) the presence or absence of L-644,711. Post hoc comparisons between the eight groups were by the Newman-Keuls multiple comparison test. Significance was accepted at p = 0.05. Tests were performed using ST A TISTICA for Windows (Starsoft) software.
RESULTS
Effects of swelling on EAA uptake
In Fig. 1 are shown the effects of different con ditions that cause astrocytes to swell in vitro (O'Connor et aI., 1992) on the uptake of eH]L glutamate ( Fig. lA) or eH]D-aspartate ( Fig. lB) , both measured over 30 min. The solutions were changed at the beginning of the 30-min uptake pe riod, as described in Methods. Total uptake of both amino acids (first group of data in both A and B labeled "plus Na +") was markedly inhibited by exposing the cells to hypotonic medium (minus 100 mM NaC\). High [K +] with normal [Cl-] (noted as 100 mM KCl Iso in the figures) also caused inhibi tion of uptake. However, this inhibition of uptake was less when Cl-was reduced by replacement with gluconate to maintain a constant K + x Cl product (K + x Cl-constant Iso in figures), partic ularly for L-glutamate uptake (Fig. lA) . The K + x Cl-product constant condition results in the same depolarization as when K + is increased with no re duction of Cl-, but does not lead to swelling of astrocytes because of the reduced concentration of the permeant anion chloride (Walz, 1987) . The effect of high [K +]0 in inhibiting the uptake of glutamate can be due to reversal of the uptake sys tem due to decreasing the outward K + gradient and
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Minus Na+ Na + Sensitive Control solution was 100 mM NaCI replaced with 100 mM N-methyl D-glucamine (NMOG) to keep [Na +] constant (3 7 mM) for all conditions, labeled "Plus Na +". "Mi nus Na +" has all Na + removed and "Na + Sens" is the dif ference between the two; n =4 ± SO wells for each condi tion; Iso = iso-osmotic . Numbers above bar are for reference to statistical treatments, using two-way analysis of variance with Student-Newman-Keuls test for multiple comparisons .
A: 2, 3, 4,5,6, 7, and 8 all differed from 1 (p < 0.0005). Within the "Plus Na +" group; 3 and 4 differed from 2 (p < 0.0005); 3 did not differ from 4. In "Minus Na+"; 6, 7, and 8 differed from 5 (p > 0.0005); 6, 7, 8 did not differ from each other . B: 2,3,4,5,6, 7, and 8 all differed from 1 (p < 0.0005). Within the "Plus Na + group", 2 and 3 were different from each other (p < 0.01); there was no difference between 2 and 4. In "Minus Na+", 6, 7, and 8 were different from 5 (p < 0.0 1); 6, 7, and 8 did not differ from each other. See Methods for details of statistical procedures used .
depolarization of the membrane potential because glutamate uptake is electrogenic, producing an in ward current (Szatkowski et aI., 1990) . However, further inhibition of uptake occurred when K + was increased under conditions (high levels of CI-) that also lead to swelling. The same behavior applied qualitatively to eH]o-aspartate uptake since 2 in figure B was statistically different from 3. Inhibitory effects were also seen for uptake measured in the absence of Na + (middle set of data; minus Na +) ; in both A and B Na + -sensitive uptake is the difference between the plus and minus Na + conditions; statis tical treatment of this data was therefore not applied but the same pattern of effects as for total uptake can be seen . In Fig. 2 is shown the anion transport inhibitor L-644,711. At a concentration that does not inhibit uptake of glutamate in primary astrocyte cultures but does inhibit release due to exposure to hypo tonic solutions (Kimelberg et aI., 1990; Bednar et aI. , 1992) , it had no effect on the inhibition of uptake of eH]o-aspartate due to high K + or hypotonic so lutions. This supports the view that both swelling and high K + are directly inhibiting the uptake pro cess rather than short-circuiting it by increasing re lease, as such release should be inhibited by L-644,711 .
Kinetics of swelling-induced release due to hypotonic or high K + media Figure 3A shows the increased release of eH]o aspartate due to exposure to hypotonic media (50 mM NaCI removed). The kinetics of release are an initial rapid release of the preloaded [3H]o aspartate, and then a progressive decline of release that corresponds to regulatory volume decrease (RVD) as measured by us in astrocytes (O'Connor et aI. , 1992) , and seen in most cells (Hoffman and Kolb, 1991) . The release was not due to the reduc tion in medium Na + leading to a reversal of uptake, because in the first exposure, when NaCl was re moved but an osmolar equivalent of sucrose was (Fig. 1) , 3, 4, 5, 6, 7, and 8 differed from 1 or 2 (p < 0.0005). Within each pair (±L-644,71 1) there were no differences. ., ... . added, no release was seen. The cells were also preloaded in these experiments with Na51Cr04 to monitor whether any release could be due to cell loss or lysis (Kimelberg et aI., 1993) , and there was no appearance of 51Cr activity in the effluent. In Fig. 3B we show that exposure of cells, that have been in Na + -free media from 0 time, to hypo tonic Na + -free media caused an even greater amount of release (second response) than seen in Fig. 3A . There is also the same slowing of the re lease after the initial maximum increase, presum ably corresponding to the RVD which thus seems to occur in Na + -free media, and again no release of 51Cr. The first exposure to NMDG Na + -free solu tion where the NMDG was replaced by sucrose, also resulted in no release and further confirms that such release is also due to swelling in the Na + -free media as well. Because there was no decrease in the [3H]D-aspartate released after an exposure of 50 J Cereb Blood Flow Metab, Vol. 15, No.3, 1995 min to Na + -free medium, and because this will de plete the cells of Na+ (Kimelberg et aI., 1979) , it seems again unlikely that this release could be at tributed to reversal of the uptake system because Na + would have to be present intracellularly to drive the system outward (Szatkowski et aI., 1990) . Figure 4 shows release of eH]D-aspartate due to exposure to 100 mM K + solutions. As can be seen in the first response in Fig. 4A , the kinetics of the K + -induced release is markedly different from the response to hypo-osmotic solutions. There is a steady increase in the rate of release and no decline during exposure to high K + medium, which corre sponds to the kinetics of K + -induced swelling (O'Connor et aI., 1992) . This slow swelling is pre sumably due to the progressive uptake of K + and Cl-through K + and Cl-channels, with Cl-chan nels opened by K + -induced depolarization as de scribed in other studies (Kettenmann, 1990) . There was also a small initial and transient increased re lease, indicated at the arrows. A dose-response study showed that the initial release component could be seen at K + concentrations down to 20 mM, whereas the second, larger component was only seen at K + concentrations starting at 50--70 mM (Rutledge and Kimelberg, unpublished obser vations).
In the second response in Fig. 4 , K + was in creased to 100 mM but CI -was reduced by replace ment with the impermeant anion gluconate. A smaller and briefer response with a different kinetic profile is seen. We interpret this as corresponding to the initial rapid response in the KCI solutions where CI-is not reduced, as seen in the first and third responses to 100 mM KCI. In Fig. 5 Arrows mark the initial, transient release peaks (see text).
Representative of three experiments . transient response is also seen clearly in the second exposure to KCI. In the first response in Fig. 5 , the second component of the release was inhibited by the anion transport blocker L644,711, which, as we mentioned in relation to Fig. 1 , has been shown to inhibit swelling-induced release of amino acids.
Effects of temperature on release and uptake
An interesting further difference between the K +induced release and hypotonic media-induced re lease was the effect of temperature. The K + -induced release was completely inhibited by a decrease in temperature from 37 to 26°C (Fig. 6A) , whereas hy potonic media-induced release was unaffected by temperature ( Fig. 6B ). To analyze these responses, one has to take into account the fact that successive responses to hypotonic solutions are characterized by an initial large release followed by smaller re leases that are usually constant (Kimel berg et aI., 1993) . Thus, in Fig. 6B , in the third response when the temperature was reduced to 26°C there was no inhibition as compared with the second response. There appears to be a slight inhibition of the next response but this could well be due to the variability of the system. The responses returned to the same magnitude as the second and third response with a return to 37°C. Similar results were seen in two other experiments. The two responses to increased K + were partially restored when the temperature was returned to 37°C (Fig. 6A ). In these responses, the initial rapid transient release is also clearly seen. The effects of temperature are not associated with inhibition of cell loss or lysis, as shown by the lack of 51Cr release in Fig. 6A . The total inhibition of release is unlikely to be due to temperature causing inhibition of reversed uptake because, as shown in Fig. 7 , temperature only inhibited aspartate uptake by 43% and glutamate uptake by 27%.
DISCUSSION
This study shows that high [K +] causes two com ponents of increased efflux of [3H]D-aspartate from preloaded astror,ytes in primary culture and in Fig.  8 we show what we think these two components represent. We postulate that the initial rapid release is a high K + -induced reversal of the transporter shown on the left, and the second, a swelling induced release by a mechanism inhibited by the anion transport inhibitor L-644,711, shown at bot tom.
The cell swelling (O'Connor et aI., 1992) and re lease in response to raised KCI is slow, presumably due to slower uptake of KCI, probably via separate K + and Cl-channels (Walz, 1987) , whereas the A: Effect of temperature on release of [3Hjo-aspartate due to exposure to 100 mM KC!. Cells were exposed to 100 mM KCI for 10 min as indicated by the bars . Temperature was kept at 3rC by placing the system in an incubator, as de scribed in Methods . The temperature control was turned down and the incubator door opened for the room tempera ture periods (26°C) . 8ecause a HEPES buffer was used, there was no possibility of pH changes due to changing pC02 . Temperature was checked directly at the perfusion fluid in flow into the syringe with a thermistor, and took 2-3 min to change (note small changes in baseline efflux, especially in 68, indicating temperature changes) . Cells were labeled with 51Cr to monitor cell loss or lysis (see Methods) . Representa tive of three experiments . B: Cultures were exposed to hy potonic solutions (50 mM NaCI removed) at 37 or 26°C, as sured with or without Na + at 37 or 26°C for 5 min, as indi cated. For L-glutamate uptake 1 mM methionine sulfoximine to inhibit glutamine synthetase was present. Student Newman-Keuls test; *p < 0.05, **p < 0.0 1 relative to respec tive total uptake at 37°C in Na + medium. n = 4 ± SO wells.
rapid release upon exposure to hypotonic medium mirrors the kinetics of the swelling due to exposure to hypotonic solutions (O'Connor et al., 1992) . Wa ter rapidly enters the cell causing an immediate and maximal swelling which then activates volume reg ulatory processes, principally K + and CI-channels (O'Connor et al., 1993) , and possibly a channel as sociated with amino acid efflux because it has many of the characteristics of an anion channel (Sanchez Olea et al., 1991) . CI-channels can transport amino acids as well as Cl- (Roy and Malo, 1993) . A large conductance anion channel that is activated in pri mary astrocyte cultures by cell swelling is also in hibited by L644,711 (Jalonen, 1993) . L644,711 also inhibits the release of amino acids due to high K + solutions (Kimelberg and Goderie, 1991) or hypo tonic media (Kimelberg et al., 1990) . We cannot exclude some reversal of the uptake system during hypotonic media-induced swelling in the presence of Na + , although eH]o-aspartate release seems to be increased by elimination of N a + from the me dium (Fig. 3B ). This is because swelling due to hy potonic media also causes a depolarization (Kimel berg and O'Connor, 1988) and glutamate uptake is electrogenic (Szatkowski et al., 1990) . However, in high K + medium the reversal of the transporter will be driven both by the greater depolarization due to increased K + and K + transported inward on the glu tamate transporter. K + -dependent release of eH]o aspartate is independent of medium Ca2+ (data not shown), so that the role of such release in vivo in pathologic states is restricted to Ca2 + -independent release, which is significant under pathologic con ditions when [K +]0 is likely to rise to levels of 80 mM (Nilsson et al., 1993 ; Sykova et al., 1994) . We tested whether aspartate analogs, as inhibitors of the amino acid transport system, inhibited the initial release component. However, as competitive inhib itors these would need to be present on the inside of the cell, and we found when added to medium, they actually increased [3H]o-aspartate release. Possibly an exchange system was being stimulated. The effect of cell swelling in inhibiting glutamate and aspartate uptake is likely partly due to depolar ization because adding K + and reducing the imper meant anion at the same time also leads to inhibi tion. It also does not seem related to increased release because the anion transport inhibitor L-644,711 at a concentration that inhibits release but does not inhibit uptake , had no effect on the inhibition of uptake caused by any of the conditions (Fig. 2) .
Another important difference between the hypo tonic media-induced increased release and high [K -+; ]-induced release is the effect of temperature. As shown in Fig. 6 , reducing the temperature from 37 to 26°C totally inhibited K + -induced release but had no effect on hypotonic media-induced release. The reasons for the decreased responses of the sec ond and subsequent exposures to hypotonic me dium have not been delineated (Fig. 6 ), but it may well be that between successive hypotonic expo sures the cells do not have time to reaccumulate solute and therefore the swelling response from the second exposure on is not as great as to the first exposure. The response to K + is shown as two ap proximately equal control responses and then when the temperature was dropped to 26°C there was a complete inhibition of release. The increased re- lease due to high K + media responses was partially recovered when the system was returned to 37°C, and the first peak, for unknown reasons, now seems to be greater than in the first two responses. In contrast, the swelling-induced response seems to be smaller when the cells are reexposed to 37°C. We have repeated these experiments several times and found essentially the same results. Because certain characteristics of the presumed cell swelling induced K + release and hypotonic media swelling induced release are the same, for example, they are both inhibited by an anion transport inhibitor L-644,711 (Kimelberg et al., 1990; Kimelberg and Goderie, 1991) , one could attribute the inhibitory effect of the reduction in temperature to inhibition of KCI uptake and therefore swelling, rather than an effect of temperature on the release process per se. The partial inhibition of uptake of eH]o-aspartate due to a drop in temperature from 37 to 26°C could also account for the absence of the initial transient efflux at 26°C, which we postulate is due to reversal of the transporter. In the future we plan to study the effects of temperature on swelling and uptake of K + and CI-under conditions of raised medium K + to test whether inhibition of KCI-induced release by temperatures is due to inhibition of KCI uptake.
In conclusion, our studies have shown that the important homeostatic and protective uptake of glu tamate and aspartate by astrocytes can be de creased by conditions known to occur in stroke and trauma, namely high [K +]0 and astrocytic swelling. It has been shown by whole-cell voltage clamp cur rent recordings of electrogenic glutamate uptake in isolated salamander Muller cells that high [K +]0 leads to the reversal of such uptake (Szatkowski et aI., 1990) . We have now shown that an increase in [K +]0 leads to release of preloaded eH]o-aspartate from primary astrocyte cultures prepared from rat cerebral cortex, of which an initial component is most consistent with reversal of the uptake system. There is also a swelling-dependent release that is independent of the uptake system because it can occur in the absence of both extracellular and intra cellular Na +, and does not occur when the medium Na + is reduced but osmolarity is maintained. In addition, there appears to be a direct swelling-as well as depolarization-induced inhibition of EAA uptake. Examination of the effects on the Km and V max of this uptake, using initial rates, would likely provide useful information regarding the mecha nism of the inhibition. We and others have sug gested that swelling-induced release of EAA may be due to the opening of swelling-activated channels, which allows anions as large as glutamate to pass (Kimelberg et al., 1990; Sanchez-Olea et al., 1991; Jalonen, 1993; Roy and Malo, 1993 ). This transport system is also inhibited by anion transport inhibi tors and seems particularly sensitive to the anion transport inhibitor L-644,711, a compound that we have shown is protective in animal models of isch emia and head injury (Cragoe et al., 1986) . Finally the inhibition of the high [K+]o induced release of eH]o-aspartate, but not the hy potonic media-induced release, by a decrease in temperature from 37 to 26°C may be relevant to the well-known protective effect of modestly lowered temperatures (Busto et al., 1987 (Busto et al., , 1989 Xue et al., 1992) and inhibition of glutamate release (Busto et al., 1989) in ischemia.
